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ABSTRACT: A large-scale probe has been developed for measuring the thermal
conductivity of geomaterials. The large probe was designed to conduct tests on materials
containing large particles, materials with high heterogeneity, and materials with high
stiffness. The probe has dimensions of 680 mm length and 15.9 mm diameter and was
constructed of stainless steel tubing. The probe operates on the principle of heating an
infinite line source in an infinite medium. Initially, parametric evaluations were conducted
to determine the operational and test conditions for the large probe, including power level,
heating duration, and zone of heating influence. Then, tests were conducted on five
homogeneous materials to calibrate the newly developed probe. Thermal conductivity
measurements obtained using the large probe were compared with measurements
obtained using a conventional small probe. A calibration curve was established for the
large probe. In addition, the performance of the large probe was evaluated in two
manufactured heterogeneous materials and a large particle material. The test program
indicated that the large probe can be used effectively for determining thermal conductivity
of geomaterials. This new probe may be suitable for large-scale laboratory testing and field
investigations.
Introduction
Thermal conductivity of geomaterials needs to be known for analysis and evaluation
of any engineering application involving heat transfer. Practical examples of thermal
applications in geotechnical and geoenvironmental engineering include foundations for
heated or cooled structures, buried high-power cables, underground space developments,
various ground improvement applications, andwaste containment facilities. Thermal
conductivity is needed for design that includes heat transfer applications as well as
numerical analyses of heat transfer problems.
The needle probe method is used commonly to determine thermal conductivity,
based on the theory of an infinite line source of heat in an infinite medium. The currently
available needle probe equipment and test procedures have limitations. The volume
influenced by heating is small and the probe is fragile, which makes insertion of the probe
into firm materials difficult. Improvements are required to broaden the applicability of the
method to heterogeneous materials, materials containing large particles, and firm

materials. A largescale probe can be used to overcome the limitations of the small probe.
The development, construction, and calibration of a largescale thermal conductivity probe
are described in this paper. In addition, evaluation of the performance of the probe in
various materials is presented.
Background
The analysis of thermal processes in geotechnical and geoenvironmental
engineering and the corresponding design of engineering systems require knowledge of the
thermal properties of geomaterials. Soils are used for heat dissipation or insulation for
various geotechnical applications (Liu et al. 1989; Mihalakakou et al. 1994; Brandon et al.
1989; Lundy 1981; Moritz and Gabrielsson 2001; and Kuraoka et al. 1996). Thermal
methods that induce temperature changes are used for ground improvement (Van Dijk and
Vouwneester-van den Bos 2001; Hanson 1995; Meegoda et al. 2000; and Kosegi et al.
2000). In addition, thermal processes must be considered for frost heave (Andersland and
Ladanyi 1994), landfill design (Doll 1997), and weather-dependent soil temperature
variations (Farouki 1981).
There are three fundamental mechanisms responsible for heat propagation through
materials: conduction, convection, and radiation. Conduction is by far the predominant
mechanism for heat transfer in soils (Mitchell 1993). Thermal conductivity, k, quantifies
the rate of heat flow through a material. The needle probe method can be used to
determine thermal conductivity of a material and is based on the theory of temperature
increase of an infinite linear constant heat source within an infinite medium. An analytical
representation of this relationship is (Carslaw and Jaeger 1959):
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where
T = temperature increase (K)
q = heat input rate (W/m)
k = thermal conductivity (W/[m · K])
Ei = exponential integral
r = radial distance from probe (m)
α = thermal diffusivity (m2/s)
t = time (s)
By expanding the exponential integral, Ei (Abramowitz and Stegun 1964) and
solving, it can be seen that the temperature increase, T, is linearly related to ln(t). The slope
of this function, s, is:
(2)

By rearranging Eq 2, the thermal conductivity, k, can then be determined
as:
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The method described by Eqs 1 through 3 is applicable to experimental results, only
if the theoretical assumptions are closely approximated. The thermal needle probe consists
of a long cylindrical (needle-shaped) heater that approximates an infinite line heat source.
A sufficiently large sample is necessary to simulate the infinite space and avoid boundary
effects. A number of factors such as thermal instability, test material inhomogeneity and
anisotropy, and uncertainty in determination of power input can affect the correct
measurement of the thermal conductivity due to the deviation from the theoretical model
(Nicolas et al. 1993).
A schematic graph of the typical temperature rise versus natural logarithm of time
function for a thermal needle probe test is shown in Fig. 1. The T versus ln(t) graph
contains three distinct portions. An initial transient portion is a response to the probe
heating. The duration of this portion is dependent on the thermal properties of the probe
and the contact resistance between the probe and the test material (Nicolas et al. 1993).
The second portion of the curve is linear and represents a quasi-steady state condition for
heat transfer from the probe. The slope of this linear portion of the curve represents the
heat conduction through the medium under investigation and is used in Eq 3 to determine
thermal conductivity. The boundary effects may cause a nonlinear trend (Fig. 1) at
extended testing durations.
The needle probe method was standardized for soils and soft rock (ASTM D 5334,
Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal
Needle Probe Method). Use of the thermal needle probe method for determining thermal
conductivity of soils is well documented (Moench and Evans 1970; Mitchell and Kao 1978;
Sepaskhah and Boersma 1979; Farouki 1981; Salomone et al. 1984; Salomone and Kovacs
1984; Brandon and Mitchell 1989; Nicolas et al. 1993; Hanson et al. 2000). Probe sizes can
vary, but are commonly on the order of 100mmlong with a diameter of 1.8 mm.
Commercially available probes typically have similar dimensions.
A benefit of the thermal needle probe method is that testing duration and
temperature rise are kept to a minimum, which limits heat-induced moisture migration
that can affect thermal conductivity results for geomaterials (Farouki 1981). A limitation of
a small probe is that it measures thermal conductivity only in the small zone of influence of
the probe. If the sample has a high degree of spatial variability (containing individual
materials with different thermal conductivity values), the probe measurements may give
locally biased results with respect to the overall thermal conductivity. For earthen
materials, this size limitation is present for large particle and/or spatially variable
geomaterials, such as coarse aggregates, peats, and municipal solid waste. In addition, if a
firm material is tested, the probe will have a tendency to bend upon insertion into the test
material.
A potential method to overcome the limitations associated with the small thermal
needle probe is the use of a large-scale probe. A number of large-scale thermal conductivity
probes have been developed and reported for various applications. Reported dimensions of
large probes range from 330 to 980 mm in length and from 9.5 to 15.9 mm in diameter. The
quality of performance of the large probes has varied. Slusarchuk and Foulger (1973)
developed a probe for measuring the thermal conductivity of permafrost. They obtained
conductivity values within 4 % of results obtained from guarded hot plate tests used as
calibration. Jones (1988) developed a thermal probe for measuring thermal conductivity of
coarse riverbed materials and obtained results within approximately 6 % of reported

values. Ewen and Thomas (1992) developed a probe to measure thermal conductivity and
drying rate of soil in the field and obtained results within approximately 10 % of reported
values. Nicolas et al. (1993) developed a thermal probe for field testing and obtained
results that were inconclusive.
The analysis of the large probe data presented has ranged from conventional
thermal needle probe methods (Slusarchuk and Foulger 1973; Nicolas et al. 1993) to more
sophisticated analyses with provisions for initial probe heating during the transient
portion of the test (Jones 1988; Ewen and Thomas 1992). Analyzing the initial transient
portion of the test shows promise for testing using a short heating duration while
maintaining sufficient accuracy. However, this approach is complicated and requires either
numerical modeling for comparison to the experimental data (Jones 1988) or specification
of the probe/soil contact conductance and the ratio of the heat capacity of the soil to that of
the probe for each test (Ewen and Thomas 1992). This approach may be justified for
specialized applications; however, the extensive analysis required may not be practical for
routine testing in a wide variety of geomaterials. In addition, the accuracy of thermal
conductivity determined using these more complex methods is not superior to that
obtained using conventional methods.
Details for construction and assembly of the large probes and thorough
development of calibration procedures using parametric evaluations have not been widely
reported. A systematic experimental analysis of the effects of power level, duration of
testing, and influence radius has not been provided. In general, the materials in the
reported test programs only included thermal conductivity values consistent with dry and
saturated sands, with values between approximately 0.3 and 3 W/[m · K]. A greater
variation of thermal conductivity exists for geomaterials (Hanson et al. 2000; Kaye and
Laby 1973). The objective of this study was to design and construct a large-scale probe that
allows for determination of thermal conductivity of a wide variety of materials using
standard analysis methods, as outlined in Eqs 1–3. Construction of the probe is described in
detail, followed by a description of calibration procedures for a wide range of thermal
conductivity values. Performance of the probe in two manufactured heterogeneous
materials and one large particle size material is then evaluated.
Probe Construction
The large probe was designed to provide a length:diameter aspect ratio sufficient to
obtain idealized conditions of an infinite line source of heat (680 mm length and 15.9 mm
diameter). The aspect ratio for the probe was approximately 43, whereas the aspect ratio
for the standard small probe is approximately 55 (ASTM 2000). Other investigators have
developed large probes with aspect ratios of approximately 35 (Slusarchuk and Foulger
1973), 47 (Ewen and Thomas 1992), and 71 (Nicolas et al. 1993).
The large probe consisted of a stainless steel outer tube, a stainless steel inner tube,
a heating element, a thermocouple junction, thermal epoxy, and a stainless steel tip (Fig. 2).
The outer tube was constructed of seamless stainless steel tubing (680 mm long,
15.9mmouter diameter, and 0.9mmwall thickness). The inner tube was constructed of
welded stainless steel tubing (680 mm length, 6.25 mm outer diameter, and 1.24 mm wall
thickness). The heating element consisted of heating tape made from nickel-chrome alloy
resistance heating wire insulated with fiberglass cloth. The heating tape had a resistance of
128 _ and was 910 mm long, 12.5 mm wide, and 3 mm thick. The thermocouple wires were

0.25-mm-diameter Type K (chromel/alumel) wires. A high conductivity thermal epoxy was
used to fill the void spaces within the probe assembly. The tip had an apex of 60◦ and was
constructed of stainless steel.
Assembly of the probe components involved sequential placement of the
thermocouple junction, thermal epoxy, heating tape, and probe tip. The thermocouple
junction was placed at midlength inside the inner tube. Thermal epoxy was drawn up
under vacuum using an apparatus as suggested in ASTM D 5334 to fill the remaining voids
of the inner tube. The inner tube was then coated with epoxy. The heating tape was
wrapped around the inner tube along a helical path. The wrapped assembly was coated
with additional epoxy and inserted into the outer tube. The probe was assembled before
the epoxy had cured to ensure distribution of the epoxy throughout the annular space. The
probe was then allowed to cure. For testing, the probe was connected to a power supply
and data acquisition system.
Test Materials
Tests were conducted using both the small and the large probes in materials
spanning more than two orders of magnitude of thermal conductivity. The range selected is
representative of the range of thermal conductivity for geomaterials.
Thermal conductivity tests were conducted on five homogeneous materials for
determining testing conditions and operational parameters for the large probe, as well as
calibration of the probe. These materials were: extruded polystyrene (XPS), dry Ottawa
sand, glycerol, water, and saturated Ottawa sand. Water was solidified using 0.5 % agar by
weight to prevent moisture migration in the tests (water tests and saturated Ottawa sand
tests).
Thermal conductivity tests were conducted on three materials to assess the
performance of the large probe in heterogeneous and large particle materials. The
heterogeneous materials consisted of mixtures of the relatively high k material (Ottawa
sand) and relatively lowk material (XPS). The XPSwas cut into pieces of approximately 100
mm × 100 mm × 50 mm and placed randomly throughout the sand. The first mixture
consisted of XPS pieces mixed with dry Ottawa sand. The second mixture consisted of XPS
pieces mixed with saturated Ottawa sand (saturated with water solidified using agar
0.5%by weight). The XPS contentwas 25%by volume for dry sand/XPS mixture and 50 %
by volume for the saturated sand/XPS mixture. The large particle material consisted of
wood blocks (pressure treated pine) with approximate dimensions of 90 × 90 × 130 mm.
The blocks were placed with a porosity of approximately 50 %. A summary of test
materials and sample dimensions is presented in Table 1.
Preliminary Tests
Prior to development of operational parameters and test conditions, as well as
calibration of the large probe, two sets of tests were conducted. First, the accuracy of the
small probe was validated since this probe was used to provide baseline values for
calibration of the large probe. Tests were conducted on materials with reported thermal
conductivity. The results of the verification tests are presented in Table 2. The thermal
conductivities measured with the small probe for glycerol and water were within 5 % of
the reported values, whereas a greater deviation was obtained for dry Ottawa sand (within

12 % of reported value). Although deviation from a reported value was greater for Ottawa
sand, the measurements were highly repeatable (as reported below). Granular materials
are inherently susceptible to variation of structure, even when density is controlled. In
addition, the thermal conductivity of Ottawa sand is not as widely reported as the other
calibration materials. The overall agreement between the small probe tests and the
published values indicated that the small probe provided representative values and that it
could be used as a reference for the calibration of the large probe.
Second, the uniformity of the calibration test materials was verified using two sets
of tests: thermal conductivity was measured at 20 different locations, and 30 repeated
measurements were taken at a single location in dry Ottawa sand. The results of these tests
indicated that the variability of the measured k at different locations (average absolute
deviation from the mean, α was 3.4 %)was somewhat greater than the variability
associated with repeated tests at a single location (α was 0.9 %). These results indicate that
Ottawa sand is acceptable as a calibration medium for thermal conductivity testing as the
variability is within the 5–10%overall accuracy of the thermal needle probe method
(Nicolas et al. 1993; ASTM 2000). The uniformity tests were not conducted for glycerol,
water, or extruded polystyrene, as these materials are inherently homogeneous and their
structures are not a function of sample preparation as is the case with Ottawa sand.
Operational and Test Conditions for Large Probe
Parametric evaluations were conducted to determine the operational and test
conditions for the large probe. The effects of voltage applied to the probe and the duration
of heating were investigated to establish the test conditions required to obtain
representative thermal conductivity measurements. The evaluation of the zone of heating
influence is used to determine the minimum size of samples required for the large probe
tests. These tests were conducted on the homogeneous test materials. All test specimens
were surrounded with thermal insulation to minimize the effects of external temperature
variations.
Power Level
Tests were conducted to evaluate the temperature rise of the probe at various
power levels. Three heat input rates (q) were applied to investigate the effect of power
level on probe response: 1.94 W/m, 7.12 W/m, and 10.55 W/m, resulting from 12 V
(voltage regulator/ deep cycle battery), 25 V (voltage converter), and 30 V (voltage
converter) power supplies, respectively. The temperature rise of the probe at these three
heat input rates is presented in Fig. 3 for dry Ottawa sand. It was observed that the
temperature rise of the probe was a function of the heat input rate. At each power level the
initial transient period was followed by a linear portion of T versus ln(t). The arrival time
of the linear portion of the T versus ln(t) relationship is denoted ta. The thermal
conductivity values at each power level were determined to be similar (±3%) because the
slope of the linear portion of T versus ln(t) was proportional to the heat input rate (i.e., as
the heat input rate increased, the slope became steeper). Similar trends were observed for
all the test materials. The power level for testing was selected to obtain a well-defined
linear T versus ln(t) trend that allowed for determining representative thermal
conductivity values.

Overheating during a test can affect the properties of test materials that contain
water by causing moisture migration. Therefore, the power level was also selected for each
material to provide a desirably small, yet measurable increase in temperature (0.5–3 K)
upon heating. These two criteria (well-defined slope and small temperature rise) resulted
in the selection of a 12-V nominal power supply for the homogeneous test materials, except
for saturated sand. A higher power level was required for the saturated sand (18-V nominal
power supply) to generate sufficient temperature rise in this high thermal conductivity
material to establish fully the linear portion of T versus ln(t).
The power supply selectedwas a voltage regulator with a nominal voltage of 12 V. A
high capacity 12-V battery was connected in parallel to the regulator to dampen small
fluctuations in voltage supply by the regulator and to provide power in case of power
outage. This power supply system provided a constant voltage of 13 V and a heat input
rate, q, of 1.94 W/m. The power supply was continuously monitored using a digital
multimeter to assure consistency during each test. An advantage of this power level is that
various nominal 12-V power supplies are commonly available (e.g., car electrical system) to
allowfor portability and field use. For the tests in saturated sand, the power supply was a
nominal 18-V voltage converter, which provided a constant voltage of 19.5 V and a q of 4.37
W/m.
In addition, analysis of the results of the power level tests demonstrated that ta was
essentially independent of power level for a particular material (Fig. 3). This is because
transient heat transfer is a diffusive process (Mitchell 1993). For testing purposes, this
indicates that a higher heat input rate will require the same duration test as a lower heat
input rate. The duration of the tests must be selected to obtain a well-defined linear T
versus ln(t) relationship.
Duration of Test
Tests conducted using variable heating duration were evaluated to determine the
minimum required heating duration. Heating duration should be minimized to prevent
potential moisture migration. The linear T versus ln(t) relationship was not well
established at short heating durations. A constant value for k (termed kultimate) is
approached with increasing heating duration, as a well-established linear portion of T
versus ln(t) is obtained in the measurements. The conductivity measured for any heating
duration is termed kmeasured. The relationship between heating duration and
corresponding ratio of kmeasured to kultimate is presented for all homogeneous test
materials in Fig. 4. The graph indicates that a longer heating duration is required to
establish kultimate for the lowest k material (XPS). A heating duration of approximately
1200 s is sufficient to establish a well-defined linear portion of the T versus ln(t)
relationship for the large probe in glycerol, dry sand, water, and saturated sand, whereas a
heating duration of approximately 3000 s is required for XPS (Fig. 4). Large probe tests on
all materials used a heating duration of 3600 s to provide consistency throughout the test
program and to satisfy minimum required duration for all test materials (Fig. 4). The 3600
s heating duration did not cause moisture migration in the test materials. Testing natural
materials in the field may require verification of testing duration to prevent moisture
migration.
Heating Zone

The relative increase in temperature rise at distance from the probe, with respect to
temperature rise of the probe, is required to determine the radial extent of heating within a
sample. Thermocouple sensors were placed at incremental radial distances from the probe
in XPS, dry Ottawa sand, and saturated Ottawa sand. These three materials were selected to
represent the entire range of thermal behavior (low, high, and intermediate k), while
avoiding potential convective heat transfer associated with measurements in the less
viscous test materials, water and glycerol. The zone of heating influence is evaluated by
measuring T at various distances from the probe within large samples of the test materials.
The sample sizes used were: 850mmlength×540mmdiameter for dry and saturated Ottawa
sand, and 1000 × 300 × 300 mm for XPS.
Typical results of temperature rise as a function of distance from the probe for dry
Ottawa sand using a heating duration of 3600 s are presented in Fig. 5. Figure 5 shows that
temperature rise diminishes with distance from the probe. In addition, arrival time of the
initial temperature increase is delayed with increasing distance from the probe. The
maximum temperature rises measured were approximately 0.42 K at 25 mm and 0.20 K at
50 mm. Temperature rise, T, measured at radial distances greater than 50 mm from the
probe over 3600 s of heating duration was negligible in the dry Ottawa sand. Similar trends
were obtained for the other test materials; however, the extent of temperature rise varied
with material (Fig. 6 and Table 3).
The heating zone in various materials was compared using the ratio of temperature
rise at a radial distance from the probe to the corresponding temperature rise of the probe
at any given time (δ), [Fig. 6 and Table 3]. Comparisons were made for data obtained for a
3600-s heating duration at various distances from the probe to determine the minimum
required sample sizes.
First, δ is compared at a distance 50 mm from the probe in the three materials for a
heating duration of 3600 s (Fig. 6).Adistance of 50 mm was selected for this comparison as
measurable temperature rise occurred in all three test materials at this distance. A high
relative temperature rise was measured in saturated sand and dry sand
(δ =0.08), and a lowrelative temperature risewas measured in XPS
(δ = 0.02) at this distance. Next, δ is compared at various distances from the probe in the
three materials for a heating duration of 3600 s (Fig. 6). The relative temperature rise
extended further outward from the probe in saturated sand, compared to XPS and dry
sand. The smaller δ value for XPS indicates that the majority of heat energy was contained
in the near vicinity of the probe, whereas in the sand samples (higher δ), the heat energy
had spread to a greater volume of the test sample. Similar trends were reported in previous
studies indicating that zone of heating influence is a function of thermal diffusivity
(Slusarchuk and Foulger 1973; Brandon and Mitchell 1989; Nicolas et al. 1993). The
volume of material heated (and therefore tested) for a given heat input (duration and
intensity) is greater for high thermal diffusivity materials, such as wet soils, than for low
thermal diffusivity materials, such as light dry materials (Lundy 1981).
Boundary effects may cause a divergence from a linear T versus ln(t) relationship,
which in turn may affect determination of k. Various investigators have identified an
analytical relationship indicating that δ should be lower than 0.02 at the boundary of the
test samples (Slusarchuk and Foulger 1973; Brandon and Mitchell 1989; Nicolas et al.
1993). However, experimental verification for this approach has not been provided.

Tests were conducted to assess the applicability of the analytical δ (0.02) for the
large probe. No divergence in the linear T versus ln(t) relationship was observed when δ
exceeded 0.02 in various materials. Similar k values were obtained for δ = 0.05, 0.08, and
0.15 in saturated sand, XPS, and dry sand, respectively. Based on these findings, a practical
limit of δ = 0.05 was established to provide empirical recommendations for sample sizes.
The trends presented in Fig. 6 were used to determine sample sizes corresponding to δ =
0.05. The minimum sample sizes for saturated sand, dry sand, and XPS are determined to
be 260 mm, 150 mm, and 50 mm diameter, respectively. It is expected that the
intermediate materials in terms of thermal behavior (water and glycerol) would require
intermediate sample sizes. Radial dimensions of samples used for the test program (Table
1) exceeded the minimum required dimensions. The temperature rises at the boundary of
the samples were measured during the tests to confirm that δ remained below 0.05 at the
sample boundaries.
Calibration Tests
Subsequent to determination of the testing conditions and operational parameters
for the large probe, tests were conducted to calibrate the probe using measurements
obtained with the small probe. The probe was calibrated using tests conducted in five
homogeneous materials. Multiple tests were conducted with both probes in each test
material to assess repeatability of test results and provide correlation between the two sets
of tests. Each series of tests in a material consisted of 30 measurements using the small
probe and 30 measurements using the large probe.
Results of the test program comparing the behavior of small and large probes are
presented in Fig. 7 and Table 4. The coefficient of variation within each series of tests is 5 %
or less for all materials tested with both probes, except for saturated sand. Because of the
relatively small temperature rise generated during tests in saturated
sand, minor external temperature fluctuations have a greater impact on the test results.
These effects may be the cause for the increased variability of the test results in saturated
sand. The smallest level of variability was observed for dry sand for both probes. This small
variation may be attributed to the larger sample size that was used for the dry sand than
for the other materials. The greater sample volume tends to decrease any effects of minor
laboratory temperature fluctuations. For all materials tested, the variability of the test
results was slightly greater for the large probe than for the small probe. The added level of
variability may be due to longer test durations and the potential heterogeneity associated
with the larger volume of heated material. Nevertheless, the variability in the tests
conducted using both probes was generally within the accepted level of precision for
thermal probe method, approximately 5–10 % (ASTM 2000).
The large probe measurements (klarge) were correlated to baseline values obtained
from the small probe (ksmall) using a calibration factor. The calibration factor, F, is defined
as ksmall/klarge. Good agreement was observed between the results from the large probe
and the small probe for tests conducted on water (F = 0.99). For the test material with
thermal conductivity greater thanwater (saturated sand), a lower apparent thermal
conductivity value is measured with the large probe than with the small probe (Table 4).
For the test materials with thermal conductivity less thanwater (glycerol, dry sand, and
XPS) a higher apparent thermal conductivity value is measured with the large probe than
with the small probe, corresponding to calibration factors less than 1.0 (Table 4).

A calibration curve was developed using a plot of thermal conductivity
measurements (obtained from the large probe) versus calibration factor (Fig. 8). A
logarithmic scale was used for thermal conductivity, since a wide range of values was
included in the plot. The resulting log-linear relationship is described by Eq 4.
F = 0.1641 · ln(klarge) + 1.0439 (4)
The calibration factor, F, can be used to calculate the corrected thermal conductivity,
kcorrected, as indicated in Eq 5.
kcorrected = F · klarge (5)
The value of R2 =0.9677 obtained from the calibration curve indicates that the individual
calibration factors over the tested range of k are well correlated to the calibration function
of Eq 4.
Performance Tests
A series of tests was conducted to assess the effectiveness of the large probe in
measuring the thermal conductivity of heterogeneous and large particle materials. Tests
were conducted in samples containing heterogeneous mixtures of XPS and sand (both dry
and wet), and also in a sample of large wood blocks.
For heterogeneous materials tests, measurements were taken using the small probe
at various locations throughout the mixtures to assess the variability of measured k.
Twelve measurements were conducted at three different locations (36 total tests): within
the sand matrix, within a single piece of XPS, and at an interface of XPS and sand. For the
dry Ottawa sand/XPS mixture, an additional series of twelve tests was conducted with half
of the length of thesmall probe surrounded by sand and half of the probe surrounded by
XPS. Then, twelve tests were conducted using the large-scale probe at a central location
within the samples to assess whether a representative k would be measured.
Results of these tests are presented in Figs. 9 and 10. The large probe values were
corrected using the calibration factor, F (Fig. 8). For dry Ottawa sand/XPS mixture, an
average corrected k of 0.192 W/[m · K] was obtained using the large probe, whereas the
small probe measurements ranged from 0.013 to 0.25 W/[m · K], depending on placement
location (Fig. 9). For the saturated Ottawasand/XPS mixture, an average corrected k of 1.08
W/[m · K]was obtained using the large probe, whereas the small probe measurements
ranged from 0.019 to 2.51 W/[m · K], depending on placement location (Fig. 10).
An analysis was conducted to estimate k for the two heterogeneous mixtures. An
overall k was calculated for the heterogeneous materials using a weighted average of the k
of the individual components of the mixtures (sand and XPS). Volumetric fractions of each
component were used as the weighting factors. This analysis resulted in k = 0.165 W/[m ·
K] for the 75%dry Ottawa sand/25% XPS mixture and k = 1.26 W/[m · K] for the
50%saturated Ottawa sand/50 % XPS mixture. These values demonstrate reasonable
agreement with k measured using the large probe. The measured k values varied by 14.3
and 17.1 % from the theoretical approximations for dry Ottawa sand/XPS and saturated
Ottawa sand/XPS, respectively. It must be noted that this idealized analysis is simplistic
and does not account for the actual spatial placement of the components of the mixtures in

the vicinity of the probe. It is believed that the variation between the measured large probe
k and the weighted average k is acceptable, and that the large probe measurements
captured the thermal behavior of the heterogeneous materials.
Similar to the heterogeneous materials tests, measurements were conducted in the
large particle (wood blocks) sample with both the small and large probes (Fig. 11). Twelve
measurements were conducted at three different locations with the small probe (36 total
tests): within the voids, directly between wood blocks, and at an interface of wood and air.
Then, twelve tests were conducted using the large probe at a central location within the
sample to assess whether a representative k would be measured. An average corrected k of
0.088 W/[m · K] was measured using the large probe. Small probe thermal conductivity
measurements ranged from 0.020 to 0.18 W/[m · K], depending on placement location. A
weighted average analysiswas conducted to estimate k for thewood blocks, using the
individual k of the components (air and wood) of the sample. This analysis resulted in k =
0.100 W/[m · K] for the wood blocks. The measured k value varied by 11.8 % from the
theoretical approximation. The test results indicated that the large probe accounted for the
global structure of the large particle test material.
Summary and Conclusions
A large-scale thermal needle probe was constructed to conduct thermal conductivity
tests on geomaterials. The large probe was developed to overcome the limitations of the
small needle probe, namely, the small volume of material tested and the flexibility of the
small probe. The large probe was designed for testing materials containing large particles,
materials with high heterogeneity, and materials with high stiffness using conventional
thermal needle probe theory.
Parametric evaluations were conducted to determine the operational and test
conditions for the large probe. The effects of voltage applied to the probe and the duration
of heating were investigated to establish the test conditions required to obtain
representative thermal conductivity measurements. Analysis of the zone of heating is used
to determine the minimum sample sizes required for the large probe tests.
Calibration tests were conducted using a conventional small probe in five
homogeneous materials that spanned more than two orders of magnitude of thermal
conductivity (0.012–2.88 W/[m·K]). The range selected was representative of the range of
thermal conductivity for geomaterials. The measurements obtained using the small probe
were taken as baseline values, and an empirical correction relationship was developed to
calibrate the large probe using these values. The probe construction, development, and
calibration resulted in:
Probe
Dimensions—680 mm long × 15.9 mm diameter
Materials and Construction—Stainless steel tubing, fiberglass wrapped heating tape,
thermal epoxy, Type K thermocouple, pointed tip, and rigid construction for placement into
stiff materials.
Operational and Test Conditions

Power Level—12 V (k ≤ 0.6 W/[m · K]), higher level (18 V) may
be needed for high conductivity material (k = 2.9 W/[m · K])
Heating Duration—3600 s
Sample Size—Material dependent, 50mmfor low k, light and dry
materials (e.g., XPS) to 260 mm diameter for high k, heavy and wet
materials (e.g., saturated sand).
Calibration
Thermal conductivity from large probe, kcorrected = F · klarge
F = 0.1641 · ln(klarge) + 1.0439 (R2 = 0.9677)
In addition, performance tests were conducted to evaluate the effectiveness of the newly
developed large probe for testing heterogeneous and large particle materials. It was
observed that representative measurements were obtained on these materials using the
large probe. The probe may be suitable for testing large particle, heterogeneous, and stiff
materials both in the laboratory and in the field.
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TABLE 1-Materials tested.

Material
Extruded Polystyrene (XPS)
Dry Ottawa SandI
96% Pure Glycerol
Water2
Saturated Ottawa Sand l ,2
Dry Ottawa Sandl/XpS
Mixture
Saturated Ottawa Sand l ,2/XpS
Mixture
WoodBlocks

Unit Weight,
kN/m3

Sample Dimensions, mm

0.244
16.20
12.40
9.81
20.00
12.20

1000
850
1050
1050
1050
1050

x 150 x 150

10.10

1050 x 300 (diameter)

3.25

850 x 540 (diameter)

x
x
x
x
x

540 (diameter)
300 (diameter)
300 (diameter)
300 (diameter)
300 (diameter)

IASTM C 778 - Specification for Standard Sand, Grade 20-30 (ASTM 2000).
2Solidified using agar, 0.5 % by weight.

.1

TABLE 2-Small probe verification test results.

Average
Material

kmeasured'

kreported,

W/[m·Kj

W/[m·Kj

Reference

0.293
0.581

0.286
0.602

Kaye and Laby (1978)
Vargaftik (1975)

0.262

0.3042

Slusarchuk and Foulger
(1973)

Glycerol
Water solidified with
0.5 % agar
Dry Ottawa SandI

IPrepared to 16.6 kN/m3 unit weight.
2Using guarded hot plate method.
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FIG. 3-Effect ofpower level on large probe measurements (dry sand).
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TABLE 3--Relative temperature rise at various distances from the probe.

Distance From Probe
mm
0
25
50
100
150
200
... Data not collected.

XPS

Dry Sand

Saturated Sand

T,K

8

T,K

8

T,K

8

7.950
0.357
0.162
0.0806
0.0317

1.00
0.04
0.02

2.55
0.418
0.199
0
0
0

1.00
0.16
0.08
0.00
0.00
0.00

1.79
0.116
0.14
0.108
0.075

1.00
0.06
0.08
0.06
0.04
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TABLE 4-Comparison of test results.

Baseline
Measurements

klarge ,

ksmall>

Material
XPS
Dry Sand
Glycerol
Water
Saturated Sand

Large Probe
Measurments

W/[m·Kj

COy!

W/[m·Kj

COy!

ksmaltl
klarge

0.0124
0.231
0.293
0.581
2.88

0.7 %
0.5 %
2.1 %
2.1 %
9.9%

0.0261
0.284
0.366
0.586
2.37

4.4 %
1.2 %
5.1 %
3.6%
18.7 %

0.47
0.82
0.80
0.99
1.22

! Coefficient of Variation.
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